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ABSTRACT
Context. In the last decade, it has been well-established that baryonic processes play a crucial role in the evolution dark matter (DM)
haloes. Nevertheless, the details of this intricate coevolution are still not fully understood.
Aims. In this work we aim at investigating the effects of baryons on the DM haloes structure, focusing on the correlation between the
presence and importance of stellar discs and the halo shapes.
Methods. We study the properties of a subsample of DM haloes from Fenix and eagle cosmological simulations, hosting well-resolved
galaxies. We inspect the central regions of haloes in the mass range [10.9 − 992.3] × 1010 M at z = 0, comparing the hydrodynamic
runs and their dark matter only (DMo) counterparts.
Results. Our results indicate that baryons have a significant impact on the shape of the inner halo, mainly within ∼ 20 percent of the
virial radius. As reported before haloes found to be more spherical when hosting baryons. While the impact of baryons depends on
the mass of the haloes, we also find a trend with morphology which suggests that the way baryons are assembled is also relevant in
agreement with previous works. Our findings also indicate that disc galaxies preferentially form in haloes whose DMo counterparts
were originally more spherical and with stronger velocity anisotropy. The presence of baryons alter the orbital structure of the DM
particles of the haloes, which show a decrease in the DM velocity anisotropy, towards more tangentially biased DM orbits. This
relative decrease is weaker in the case of disc-dominated galaxies. Our results point out to a cosmological connection between the
final morphology of galaxies and the intrinsic properties of their DM haloes, which gets reinforce by the growth of the discs.
Key words. galaxies: formation – galaxies: halos – Galaxy: disk – (cosmology:) dark matter
1. Introduction
Dark matter (DM) haloes are the building blocks in the concor-
dance cosmological scenario of the universe. The accurate deter-
mination of their properties in the presence of baryons has been
a crucial task in the studies of galaxy formation (Knebe et al.
2004; Moore et al. 2004; Faltenbacher et al. 2005; Avila-Reese
et al. 2005; Bailin & Steinmetz 2005; Patiri et al. 2006; Vera-
Ciro et al. 2011). Additionally, cosmological simulations have
been a forceful tool to investigate them. Even though, through
the last decade several studies have provided robust insights of
the DM haloes characteristics, many problems remain to be fully
understood, such as the "cusp-core" problem (Moore et al. 2004;
Walker & Peñarrubia 2011; Oh et al. 2015) or the "missing satel-
lite problem" (Diemand et al. 2007; Boylan-Kolchin et al. 2008;
Guo et al. 2010).
The outcomes of dark matter only (DMo) simulations
showed that CDM haloes are triaxial (e.g. Dubinski & Carlberg
1991; Allgood 2005). However, the condensation of baryons
within the central regions during the assembly of galaxies mod-
ifies their internal structure (e.g. Tissera & Dominguez-Tenreiro
1998; Kazantzidis et al. 2010; Butsky et al. 2016).
DM haloes respond by contracting or, in some cases, expand-
ing to the assembly of baryons in the inner regions as shown by
comparative studies of the DM profiles in hydrodynamical simu-
lations and those of their DMo counterparts (Pedrosa et al. 2010;
Tissera et al. 2010; Dutton et al. 2016; Chua et al. 2019). Bary-
onic processes such as supernova feedback (SN) contribute to
regulate the presence of baryons in the most inner parts of the
galaxy. As a byproduct, SN could also help to transform cuspy
into core profiles by triggering cycles of inflows and outflows
which can contribute in reshaping the inner regions of haloes
(Dutton et al. 2016; Benitez-Llambay et al. 2018).
The close-connected evolution between the central galaxy
and its host halo has been analysed by several studies from dif-
ferent point of views (e.g. Barnes & White 1984; Tissera &
Dominguez-Tenreiro 1998; Gnedin et al. 2004; Debattista et al.
2008; Romano-Díaz et al. 2008; Valluri et al. 2010). In partic-
ular, Pedrosa et al. (2010), Zavala et al. (2016) and Teklu et al.
(2017) studied the exchange of angular momentum between the
galaxy and the inner and outer parts of the DM halo. Zavala et al.
(2016) found a correlation between the evolution of the specific
stellar angular momentum of the galaxy and the one of the in-
ner DM halo. Teklu et al. (2017) reported that disc galaxies are
hosted preferentially by haloes that have central angular momen-
tum aligned with the total angular momentum of the halo. More
recently Zhu et al. (2017) found that when baryons are included,
DM particle orbits go mainly from box to tube types. These au-
thors also proposed a link between the angular momentum of
the baryonic discs and the DM haloes so that for the changes in
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orbits to be irreversible, angular momentum exchange between
baryons and DM is required (e.g. Pedrosa et al. 2010).
It has been extensively established that baryons also produce
an impact on the DM halo shapes. Haloes from hydrodynami-
cal simulations appear to be less triaxials than their DMo coun-
terpart (Tissera & Dominguez-Tenreiro 1998; Dubinski & Carl-
berg 1991; Chabrier 2003; Debattista et al. 2008; Kazantzidis
et al. 2010; Tissera et al. 2010). The shapes of DM haloes are re-
lated to the orbital structure of the DM particles that form them
(Barnes & Hernquist 1996). The sphericalization detected in the
presence of baryons is related with the modification of the DM
particles orbits. Using hydrodynamical simulations, Debattista
et al. (2008) and Valluri et al. (2010) found that box orbits that
support triaxial haloes become rounder due to the presence of
baryons, causing the shape to change. Vera-Ciro et al. (2014)
analysed the Aquarius simulation haloes with peak circular ve-
locity in the range of 8 km/s < Vmax < 200 km/s and found a
relation between the triaxiality and the mass of the halo: small-
est haloes are between 40 and 50 percent rounder than Milky
Way-type ones, at the radius where circular velocity peaks. Ad-
ditionally Butsky et al. (2016), using the NIHAO zoom-in simu-
lations, found a strong mass dependence of the inner halo shape
between DMo and Hydro simulations.
Tissera et al. (2010) found that baryons modify the velocity
dispersion structure in a rather complicated way, with very dif-
ferent behaviours between haloes of the Aquarius Project (Scan-
napieco et al. 2009). The relation between DM halo shape and
velocity anisotropy was also studied by Sparre & Hansen (2012)
for a wide range of DMo simulations finding a correlation be-
tween them. It is interesting to point out that the presence of a
baryonic disc structure does not foster tangentially biased DM
orbits in disc-like DM structures. Schaller et al. (2016) showed
that for a set of 24 simulated Milky Way like galaxies of the
apostle and eagle projects, 23 of these haloes showed no evi-
dence for a dark disc and the only case found resulted from a
recent satellite merger.
Using the Illustris and Illustris-Dark simulations, Chua et al.
(2019) reported that baryonic physics has a significant impact on
the halo shape, sphericalizing haloes, with stronger effects in the
inner region. In agreement with Pedrosa et al. (2010) and Tissera
et al. (2010), they found that the presence of baryons altered the
DM velocity dispersion and decreased the velocity anisotropy
along all radii and masses, their orbits becoming more tangen-
tially biased.
Kazantzidis et al. (2010) investigated the effect of the growth
of a central disc galaxy on the shape of a triaxial DM halo in a
DMo simulation and reported clear sphericalization of the DM
haloes by the galaxy discs. Interestingly, Thob et al. (2019) stud-
ied the morphology and kinematics of galaxies in the eagle suite,
finding a link among several kinematic indicators of baryon mor-
phology. Their results also suggested that there might be an in-
trinsic correlation between the flatness of the hosted galaxies and
their haloes. This correlation persists when using the flatness of
the inner halo in the corresponding DMo simulation and lately,
Law & Majewski (2010); Bovy et al. (2016) established stronger
observational constrains of the Milky Way halo shape within the
galactocentric radial interval (20 kpc < r < 60 kpc), using the ef-
fect of Sagittarius stream and the analysis of the observed phase-
space of Pal 5 and GD-1.
In this paper, we extend the analysis done in previous works
by studying in detail the connection between galaxy morphol-
ogy, quantified by the relevance of the disc component, and the
properties of the inner regions of DM haloes. We also investi-
gate how this relation changes within the measuring radius and
galaxy stellar mass. We explore the possible preexisting correla-
tion between galaxy morphology and their corresponding DMo
haloes. We use the disc-to-total stellar mass fraction, D/T, to
quantify galaxy morphology with this purpose. The analysis is
based on one-to-one comparison between the properties of the
DM haloes in the fully hydrodynamical runs eagle and Fenix,
and their DMo counterparts.
This work is organized as follows.Section 2 summarizes the
main properties of the simulations. Section 3 presents the results
of the DM and baryon distribution in the inner regions. The DM
shape dependence on galaxy morphology is investigated in Sec-
tion 4. Finally, we present the conclusions in Section 5.
2. Numerical simulations
For this study we use two simulations performed with different
versions of gadget code (Springel & Hernquist 2003; Springel
2005). In this section we describe their main features.
2.1. Fenix simulations
We use the cosmological simulation S230D from the Fenix
Project suite. Several properties of galaxies in this simulation
have been thoroughly studied such as the morphological prop-
erties (Pedrosa et al. 2014), the size-mass relation and the an-
gular momentum evolution (Pedrosa & Tissera 2015), the stellar
and gaseous metallicity gradients of the disc components (Tis-
sera et al. 2016b,a, 2017), the chemical abundance of the cir-
cumgalactic medium (Machado et al. 2018) and the fundamental
properties of the elliptical galaxies, such as Faber-Jackson rela-
tions and the Fundamental Plane (Rosito et al. 2018).
This simulation is consistent with a Λ-CDM universe with
Ωm = 0.3, ΩΛ = 0.7 and Ωb = 0.04, H0 = 100 h km s−1 Mpc−1
with h = 0.7, and a normalization of the power spectrum of
σ8 = 0.9. The simulated box is 14 Mpc a side. The initial con-
ditions have 2 × 2303 total particles and a mass resolution of
4.3 ×106M and 6.4×105M for the DM particle and initial gas
particle, respectively. The maximum gravitational softening is
0.35 kpc. The initial conditions (ICs) were chosen to represent a
typical field required. We acknowledge the fact that the ICs rep-
resent a small volume of the universe. Nevertheless, De Rossi
et al. (2013) showed that the growth of the simulated haloes
are well-described in our simulations by confronting them with
those from the Millenium Simulation (Fakhouri et al. 2010).
These simulations were run using gadget-3, an update ver-
sion of gadget-2 (Springel & Hernquist 2003; Springel 2005),
optimised for massive parallel simulations of highly inhomoge-
neous systems. It includes treatments for metal-dependent ra-
diative cooling, stochastic star formation, chemical and ener-
getic supernovae (SN) feedback (Scannapieco et al. 2005, 2006).
This feedback model is able to reproduce galactic mass-loaded
winds without introducing any mass-dependent scaling param-
eter. It also includes a multiphase model for the ISM that al-
lows the coexistence of the hot, diffuse phase and the cold, dense
gas phase (Scannapieco et al. 2006, 2008), where star formation
takes place. Part of the stars ends their lives as Type II and Type
Ia Supernovae, injecting energy and chemical elements into the
ISM. Each SN event releases 7 × 1050 erg, which are distributed
equally between the cold and hot phases surrounding the stellar
progenitor. The adopted code uses the chemical evolution model
developed by Mosconi et al. (2001) and adapted to gadget-3 by
Scannapieco et al. (2005). This model considers the enrichment
by SNII and SNIa adopting the yield prescriptions of Woosley
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& Weaver (1995) and Iwamoto et al. (1999), respectively and
the Initial Mass Function (IMF) of Salpeter (1955). The synthe-
sised chemical elements are distributed between the cold and hot
phase (80% and 20%, respectively). The lifetimes for SNIa are
randomly selected within the range [0.1, 1] Gyr. Albeit simple,
this model reproduces well the mean chemical patterns obtained
by adopting the single degenerated model (Jiménez et al. 2015).
The halo catalog was constructed by using a Friends-of-
Friends algorithm, while the substructures were identified using
the SUBFIND algorithm (Springel et al. 2001). As a result 317
galaxies were identified, resolved with more than 2000 DM par-
ticles. The virial masses of the haloes (M200) were defined as the
mass within a sphere of radius (R200) containing ∼ 200 times
the cosmic critical matter density, ρcrit = 3H(z)2/8piG. The hy-
drodynamic simulation has a corresponding DMo run. We refer
to them as "Hydro" and "DMo", respectively. The Hydro and
DMo simulations start from identical ICs. The shrinking sphere
method proposed by Power et al. (2003) is applied to find the co-
ordinates of the centre of mass of the haloes in each simulation.
2.2. eagle simulations
We analyse galaxies selected from the 100 Mpc sized box refer-
ence run of the eagle Project, a suite of hydrodynamical simu-
lation that follows the structure formation in cosmological rep-
resentative volume. All of them are consistent with the current
favoured Λ-CDM cosmology (Crain et al. 2015; Schaye et al.
2015). These simulations include: radiative heating and cool-
ing (Wiersma et al. 2009), stochastic star formation (Schaye &
Dalla Vecchia 2008), stochastic stellar feedback (Dalla Vecchia
& Schaye 2012) and AGN feedback (Rosas-Guevara et al. 2015).
The AGN feedback is particularly important for the evolution
of SF activity in massive early-type galaxies (ETGs). An Initial
Mass Function (IMF) of Chabrier (2003) is used. A more de-
tailed description of the code and the simulation can be seen in
Crain et al. (2015) and Schaye et al. (2015).
The adopted cosmological parameters are Ωm = 0.307,
ΩΛ = 0.693, Ωb = 0.04825, H0 = 100 h km s−1 Mpc−1, with
h = 0.6777 (Planck Collaboration et al. 2014). The 100 Mpc
sized box reference simulation, so called L100N1504, is repre-
sented by 15043 dark matter particles and the same initial num-
ber of gas particles, with an initial mass of 9.70 × 106M and
1.81 × 106M, respectively. The maximum gravitational soften-
ing of 0.7 kpc is adopted.
The halo catalogue 1 was constructed by using a Friends-of-
Friends algorithm, while the substructures were identified using
the SUBFIND algorithm (Springel et al. 2001). For the eagle
simulations the match of the haloes in the Hydro and DMo sim-
ulations was done following Schaller et al. (2015).
3. Properties of DM Haloes
In order to minimize numerical artifacts, we select objects re-
solved with more than 10000 baryonic particles within the op-
tical radius (Ropt2). This threshold yields a subsample of 38
objects for the Fenix Project simulation, with masses in the
range [10.9 − 254.6] × 1010 M. While for eagle simulation,
the subsample comprises 1696 objects from the original sam-
ple selected by Tissera et al. (2019), with masses in the range
1 We use the publicly available data by McAlpine et al. (2016)
http://icc.dur.ac.uk/Eagle/database.php
2 The optical radius, Ropt, is defined as the radius that encloses 80 per-
cent of the baryonic mass (gas and stars) of the galaxy.
[15.1 − 992.3] × 1010 M. The DM haloes were re-scaled in
order to take into account the baryonic fraction 1 − fbar, where
fbar = Ωb/Ωm, when comparing Hydro and DMo runs.
The Fenix haloes have radial density profiles that are well de-
scribed by an Einasto (1965) and Navarro-Frenk-White (NFW)
(Navarro et al. 1996, 1997) profiles for Hydro and DMo runs re-
spectively. In the case of the eagle sample, Schaye et al. (2015)
find that they are well-fitted by a sum of a NFW profile in the
outer regions and an NFW-like profile but with a sharper bend,
that takes into account the effect of the accumulation of stars in
the inner regions.
3.1. Baryons distribution in the inner regions
The modification of the potential well due to the gathering of
baryons in the inner regions to form a galaxy, induces changes in
the mass distribution of the DM haloes. Several studies have ad-
dressed this issue adopting different radius to evaluate the effects
(Butsky et al. 2016; Zavala et al. 2016; Thob et al. 2019; Chua
et al. 2019). In order to estimate the radius that maximizes the
signal, we inspect three possible selections defined by the radii
that enclose 5, 10 and 20 percent of M200 (hereafter measuring
radius).
This redistribution can be appreciated in Fig. 1 where we
show the ratio between the DM masses measured at the three
defined measuring radii in the Hydro and DMo runs, f
i%
200
=
MHydro200 /M
DMo
200 (i%R200), as a function of the stellar-to-halo mass
ratio log(Mstar/M200). The label i denotes the measuring radii
defined to enclose 5, 10, and 20 percent of M200.
The results in Fig. 1 show that, for the inner regions, haloes
in eagle can contract or expand (i.e. higher or lower DM masses
in the Hydro run compared to the DM only). This type of be-
haviour has also been detected by Dutton et al. (2016) using
100 hydrodynamical cosmological zoom-in simulations of the
NIHAO Project. While the contraction is the response to the in-
crease of the potential well due to the accumulation of baryons,
the expansion is claimed to be the result of stellar feedback.
Following this study we also estimate the galaxy com-
pactness factor, e1/2 [%], defined as the ratio between the
galactic half-mass radius3, r1/2, and the virial radius, i.e.
(100 ∗ r1/2)/R200. For convenience it is expressed as a percent-
age. The colours in Fig. 1 map e1/2 [%]. In the most inner re-
gions, within 5 percent of R200, haloes hosting more compact
galaxies tend to be more concentrated as can be seen in the top
panel of Fig. 1. When these ratios are measured at 0.10R200 (f
10%
200
)
and 0.20R200 (f
20%
200
), this trend gradually disappears. This is ex-
pected since the larger effects on baryons in the density distribu-
tion will be in the very central region where they are located.
The fact that haloes hosting galaxies with more extended
stellar distributions tend to be less concentrated in the inner re-
gions is an indication that the degree of contraction does not only
depends on the amount of baryons gathered in the very centre of
haloes but also on how they are distributed (e.g. Pedrosa et al.
2010; Tissera et al. 2010; Dutton et al. 2016).
The change of the DM concentration in the inner regions can
be also quantified through the concentration parameter ∆v/2, de-
fined as the ratio of the mean DM density to the critical density
ρcrit within the radius at which the DM reaches half of its maxi-
mum circular rotational velocity, RV/2.
3 The half-mass radius, r1/2, is defined as the one that enclosed 50 per-
cent of the baryons.
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Fig. 1. Halo DM mass ratio (f i %
200
) as a function of the ratio stellar-to-halo
mass log(Mstar/M200). Points are colour coded by galaxy compactness
percentage e1/2 [%] at 5, 10, and 20 percent of R200 (top, middle, and
lower panel, respectively). We find a trend for less extended galaxies to
be more contracted in the inner radius.
This parameter was previously implemented in Pedrosa et al.
(2010) in the study of the halo contraction evolution with the
redshift and originally introduced by Alam et al. (2002). By us-
ing the radius "halfway up", RV/2, the rising part of the rotation
curve, Alam et al. (2002) focus on the region where conflicts
between predicted and observed DM halo densities are more se-
vere (and where the observations are still typically robust against
resolution uncertainties).
In Fig. 2 we compare the concentration parameters from
the Hydro and DMo runs as a function of RV/2 and the
stellar-to-virial-mass ratio. Haloes with higher contraction (i.e.,
∆
Hydro
v/2 /∆
DMo
v/2  1) are populated with more compact galaxies
(i.e., lower e1/2 [%]). The compactness of galaxies appears as a
key parameter to trace the degree of concentration of the dark
matter haloes. When haloes expand (i.e., ∆Hydrov/2 /∆
DMo
v/2  1),
they tend to host more extended galaxies. In the top panel it can
be seen that compact galaxies are hosted by haloes with shorter
RV/2, indicating that the DM maximum rotational velocity Vmax
moves to the inner part of the halo with respect to their DMo
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Fig. 2. Halo mass concentration ∆Hydrov/2 /∆
DMo
v/2 as a function of RV/2 radii
(upper panel) and the stellar-to-halo-mass ratio log(Mstar/M200) (lower
panel). Colours map the galaxy compactness percentage e1/2 [%] .
counterparts. The lower panel shows that both Fenix and eagle
subsamples present a slight correlation (Spearman rank coeffi-
cient ρ = 0.15) with log(Mstar/M200), in the sense that more
massive galaxies with respect to halo mass tend to gather also
larger DM masses within the inner regions when baryons are
present.
These results confirm the discussed above findings, show-
ing that less concentrated galaxies are located in haloes with ex-
panded central regions with respect to their DMo counterparts.
This is clear for the eagle halo sample, which in turn spans on a
wide range of stellar-to-dark-matter ratio.
3.2. Baryons shaping haloes
Our main interest is to dig into the interdependence of halo shape
and galaxy morphology and try to quantitatively correlate them.
We describe the shapes using the semi-axes of the triaxial
ellipsoids, a > b > c, where a, b and c are the major, intermediate
and minor axis respectively of the shape tensor Sij (e.g. Bailin &
Steinmetz 2005; Zemp et al. 2011). An iterative method is used,
starting with particles selected in a spherical shell (i.e. q = s = 1
Dubinski & Carlberg 1991; Curir et al. 1993).
In order to obtain these ratios q ≡ b/a and s ≡ c/a, we di-
agonalize the reduce inertia tensor to compute the eingervectors
and eigenvalues, as described in Tissera & Dominguez-Tenreiro
(1998). Traditionally the s shape parameter has been used as a
measure of halo sphericity (e.g. Allgood 2005; Vera-Ciro et al.
2014; Chua et al. 2019).
We adopt the triaxiality parameter, defined as T ≡ (1 −
q2)/(1 − s2), which quantifies the degree of prolatness or oblat-
ness: T = 1 describes a completely prolate halo (a > b ≈ c)
while T = 0 describes a completely oblate halo (a ≈ b > c).
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Haloes with T > 0.67 are considered prolate and haloes with
T < 0.33 oblates, while those with 0.33 < T < 0.67 are consid-
ered triaxials (Allgood 2005; Artale et al. 2019).
In the next sections we inspect the shape parameters of the
haloes in relation with the measuring radius of the inner region,
the D/T fraction and the stellar mass of the hosted galaxy.
3.2.1. Shape dependence on radius
To characterize galaxy morphology we use the D/T ratio, calcu-
lated for the eagle galaxies in Rosito et al. (2018). Their method
is the same than in Tissera et al. (2012), based on the amount of
the angular momentum content along the direction of total angu-
lar momentum, at a given binding energy. The same procedure
is used to calculate the Fenix disc fraction.
Fig. 3 shows the shape parameters q, s and T median values
as a function of radius normalized by the virial one, r/R200, for
Hydro (light green) and DMo (black) runs. Three D/T intervals
are evaluated for both Fenix and eagle simulations, D/T < 0.3,
0.3 ≤ D/T < 0.7 and 0.7 ≤ D/T . The shaded areas enclose
the 25th and 75th central quarterlies. It can be seen that near
the virial radius the effects of baryons on T diminish, recover-
ing the triaxiality typical of the outer regions, in agreement with
previous studies of Allgood (2005) and Butsky et al. (2016).
In the lower sub-panels, the relative change of the halo shape
with respect to the DMo counterpart is quantified by defining
(Hydro2 − DMo2)/DMo2, for the eagle haloes. The signal ap-
pears to maximize around 0.20R200 independently of the pre-
dominance of stellar disc. For the halo subsample of Fenix, the
relative change between the shape parameters of the Hydro and
DMo runs do not show a clear strengthening of the signal within
the inner radius. The relative change of the median values of
the shape parameters in Fenix haloes are greater than in eagle
haloes. This might be due to the low statistics of this sample. We
will focus our analysis of the Fenix haloes at 0.20R200 in order
to compare with the eagle haloes.
In a previous study using the NIHAO zoom-in simulations,
Butsky et al. (2016) choose 0.12R200 as the characteristic radius,
based on the findings of Ibata et al. (2001) of the Sagittarius
stream location within 20-60 kpc. Thob et al. (2019), using a
similar subsample of eagle haloes, use a fixed aperture of 30 kpc
for the whole sample. As it comes out from Fig. 3, the strength
of the effects of the baryons on the DM haloes is sensitive to the
regions where it is measured. Our results indicate that the effects
on the shape are stronger in the range of 20–40 percent of the
virial radius.
The variation of the shape with radius can also be appreciated
in Fig 4 and Fig 5 where we show 2D histograms comparing the
shape parameters for Hydro and DMo simulations at the three
selected radii: r = 0.05R200, r = 0.10R200, r = 0.20R200 and the
virial radius R200. In the outer regions the s, q and T parameters
are almost identical for both runs as changes in halo shape are
less significant near the virial radius. The dispersion for s and
q is greater at this radii. In the inner regions, the largest devia-
tion from the identity is detected at r = 0.20R200 and is consis-
tent with more triaxials haloes in the DMo run. These trends are
in good agreement with the results found by Chua et al. (2019)
analysing the Illustris haloes. Our results indicate that the impact
on the shapes are stronger close to ∼ 0.20 R200.
3.2.2. Shape dependence on mass
We also explore the mass dependence of the shape parameters.
We inspect this with respect to both, the stellar mass fraction
Mstar/M200 and M200. Fig. 6 shows the shape parameters as a
function of the virial mass M200 and the ratio Mstar/M200. For
both Hydro and DMo runs, more massive haloes tend to be more
triaxials. On the other hand, when considering the dependence
on Mstar/M200, the triaxiality gets lower for larger stellar mass as
expected (Butsky et al. 2016; Chua et al. 2019).
To better visualize these trends, Fig. 7 shows the axial ratios
b/a as a function of c/b within 0.20R200 for different intervals of
Mstar. In this plane, haloes close to the top right corner are more
spherical (a ∼ 1, b ∼ 1, c ∼ 1) as described in Trayford et al.
(2019).
There is a trend for more prolate halo shapes to be found
hosting more massive stellar objects. Butsky et al. (2016) found
a strong mass dependence for the NIHAO zoom-ins: low mass
haloes tend to retain their original triaxiality while for higher
mass haloes, the inner regions become more spherical. Fig. 7
also shows observational constrains for the DM halo shape of the
Milky Way at different radius, spanning between ∼ 20 − 40 kpc.
Our results show good agreement with Bovy et al. (2016). In
the case of Ibata et al. (2001), they report a lower bound for the
shape of the MW. The value found by Law & Majewski (2010)
is higher than ours, and are significantly different between each
other.
As shown in Fig. 6 and Fig. 7, Fenix and eagle cover different
stellar mass ranges. However, the trends of the shape parameters
agree for the same mass range. On the other hand, haloes from
eagle simulation have a wider range of morphologies due to the
larger size volume which includes a rich variety of environments:
field, groups and clusters (Fenix represents a field region only).
4. Shape Dependence on morphology
Previous numerical studies find that haloes become rounder
when they host baryons in their centres, and more recent ones
suggest that it might exist a correlation with the shape of the
galaxy (see Tissera & Dominguez-Tenreiro 1998, for an earlier
comment on this aspect).
Recently, Thob et al. (2019) found that the morphology of
eagle galaxies present a slight correlation with the morphology
of its host halo. Furthermore, they suggest that this correlation
could have an intrinsic rather than induced origin. In order to
further inspect this, in Fig 8 we show the semi-axis ratios as a
function of the D/T ratio, for the Hydro haloes (left panel) and
their DMo counterparts (right panel) at 0.20R200 (for the same
plot estimated at 5 and 10 percent of R200 see Fig. A1 and Fig.A2
in Appendix, Section 6).
It can be appreciated clearly that haloes at 0.20R200 tends
to be globally more oblate for higher D/T ratios. This trend is
present in both eagle and Fenix simulations (although in the last
one, only two D/T intervals could be defined due to the smaller
sample). Our results are in good agreement with Kazantzidis
et al. (2010). A clear intrinsic trend the DMo shapes with the
D/T fraction can be appreciated for both simulations.
The presence of baryons alters the DM haloes by mak-
ing them less triaxials. Some authors suggest that this effect
is enhanced when the baryons are organized in disc structures
(Kazantzidis et al. 2010). However, the trend that can be seen in
Fig. 8 for the DMo runs also suggest that extended disc galaxies
preferentially form in haloes that are intrinsically more spherical
(i.e. the DMo counterparts are more spherical).
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Fig. 3. Shape parameters q, s and T median values versus r/R200 for eagle (solid lines) and Fenix haloes (dashed lines), and for Hydro (light
green) and its DMo counterpart (black) simulations. The shaded areas enclose the 25th and 75th quarterlies. Haloes have been divided in three
subsamples according to the morphology of the hosted galaxies: D/T < 0.3, 0.3 ≤ D/T < 0.7 and 0.70 ≤ D/T. Each panel includes the relative
change between the shape parameters of the Hydro runs with their DMo counterparts for the eagle subsample. The arrows indicate the radii that
correspond to 20% of the virial radius.
The connection between the inner DM halo and the charac-
teristics of the galaxy it can host was previously mentioned by
Zavala et al. (2016) by studying the angular momentum evolu-
tion of the galaxies in relation with their DM haloes and by Thob
et al. (2019) who analyse the galaxy flattening in comparison the
flattening on the DM haloes. Both works used the eagle simula-
tion for this purpose. We made a step forward and measured the
degree of sphericalization for different morphologies and quan-
tify with the D/T fraction in relation with the DMo shapes in
both Fenix and eagle simulations. These simulations provide
consistent results albeit adopting different subgrid physics.
In order to better quantify this trend, in Fig 9 we display the
DM halo shape parameters q, s, T, measured at the 20 percent of
the virial radius, as a function of the D/T. For the Fenix haloes
the D/T ratios cover a shorter range (D/T Fenix  [0.16, 0.73]), as
previously mentioned, while for the eagle haloes larger D/T ra-
tios are found (D/T EAGLE  [0.15, 0.95] ).
In the left panels of Fig 9, it can be appreciated clearly that
haloes are more rounder and less triaxials for larger D/T. How-
ever, when this relation is normalized by their correspondent
DMo counterpart, the correlations strongly weakens as shown
on the right panel. To better quantify these changes, we estimate
the Spearman and Pearson correlation coefficients in Table 1.
The p-values of Fenix sample show a greater deviation from 0
what impact negatively in the reliability for the strength of the
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Fig. 4. 2D histogram of the DM halo shape parameters for Hydro versus DMo simulations measured at r = 0.05R200 (top left), r = 0.10R200
(bottom left), r = 0.20R200 (top right) and r = R200 (bottom right) for the Fenix haloes. The 1:1 relations are shown (solid lines) together with the 5
and 10 percent deviations (dotted lines) for both Hydro and DMo runs. The inner haloes from the Hydro run are more spherical and oblate than the
DMo counterparts. At the virial radius, the effect of baryons is less significant whereas the maximum deviations are also found for r = 0.20R200.
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Fig. 5. Same as Fig. 4 for the eagle haloes.
Table 1. The Spearman, ρ, and Pearson, r, correlation coefficient (with
their correspondent p-values), for the shape parameters measured within
the 0.20R200 as a function of D/T ratios. The correlation weakens when
the parameters are normalized by their correspondent DMo counter-
parts.
Spearman ρ (p-value) qHydro sHydro THydro
D/T Fenix 0.43 (7x10−3) 0.23 (0.16) −0.33 (0.04)
D/T EAGLE 0.14 (1x10−8) 0.13 (4x10−8) −0.08 (8x10−4)
Pearson r (p-value) qHydro sHydro THydro
D/T Fenix 0.39 (0.01) 0.21 (0.22) −0.34 (0.04)
D/T EAGLE 0.15 (5x10−10) 0.13 (9x10−8) −0.09 (2x10−4)
Spearman ρ (p-value) qHydro/qDMo sHydro/sDMo THydro/TDMo
D/T Fenix −0.04 (0.79) 0.04 (0.81) −0.24 (0.15)
D/T EAGLE −0.07 (3x10−3) −0.09 (1x10−5) 0.08 (0.65)
Pearson r (p-value) qHydro/qDMo sHydro/sDMo THydro/TDMo
D/T Fenix −0.14 (0.38) −0.03 (0.86) −0.14 (0.42)
D/T EAGLE −0.09 (4x10−4) −0.10 (6x10−5) 0.02 (0.34)
correlation. This is to be expected since the small size of the
sample impact on the p-values.
This supports a cosmological origin for the link between DM
haloes and the morphology of their central galaxies, which can
be also affected by other processes during its assembly history,
producing a large dispersion in the relation.
Recall that there is a dependence of the shape parameters
on Mstar and Mstar/M200. The relations shown in this figure con-
sider all haloes regardless of their stellar content. We note that
Fenix haloes cover the lower range of stellar masses of eagle and
hence, they tend to be rounder compared to the overall median
values.
4.1. DM velocity structure
The velocity anisotropy of individual haloes presents a variety of
behaviours depending on their particular formation history (see
e.g., Tissera et al. 2010). In this section we analyse the change
in velocity anisotropy of the DM haloes as a function of radius
and the morphology of the hosted galaxy. The velocity structure
of the DM particles are closely related with the resulting shapes
of the haloes.
We inspect the velocity anisotropy parameter defined as:
β(r) = 1 − σt
2σr
, (1)
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where σr and σt are the radial and tangential velocity disper-
sions averaged over concentric spherical shells. This anisotropy
parameter provides some indication of the velocity distribution
of the haloes. Isotropic distributions have β ≈ 0 whereas those
that more radially biased have β > 0.
In Fig. 10 we show the median distributions of β(r) as a
function of the radius normalized by the virial one, r/R200, for
galaxies grouped according to their morphology: D/T < 0.30,
0.30 ≤ D/T < 0.50, 0.50 ≤ D/T < 0.70, 0.70 ≤ D/T < 0.90,
and 0.90 ≤ D/T, for the Fenix (left panel) and eagle (right
panel) haloes. Both eagle and Fenix simulations show a no-
ticeable trend for radius smaller than approximately 0.20R200:
haloes hosting galaxies with higher D/T fraction present higher
values of β. The velocity structure within the central regions
of DM haloes hosting more important stellar disc depart from
isotropy. For radius larger than ∼ 0.20R200 this trend disappear.
When the DMo is inspected (lower panels), βDMo(r) show a
slight trend in the same sense albeit weaker. As we have found
for the shapes, there is an intrinsic behaviour indicating that
haloes that host more important stellar disc structures tend to
have a distinct, slightly less isotropic, DM velocity pattern. To
better quantify this behaviour, we estimate (β − β¯)/β¯ as a func-
tion of r/R200 for both the Hydro and DMo runs for galaxies with
different morphologies.
The Fig. 11 show the relative change of β with respect to the
median relations for both Fenix (panels a,b) and eagle (panels
c, d) haloes. The error regions were computed by using a boot-
strap method with a resampling of 200 for each D/T interval. As
can be seen, the larger velocity anisotropies are found in haloes
with more disc-dominated galaxies within ∼ 0.20R200. The DMo
haloes show similar estimations but using the βDMo.
The presence of a similar excess in the same radial range
is consistent with the claim of an intrinsic characteristics of
the haloes that might contribute to the formation of the disc-
dominated galaxies.
5. Conclusions
We investigate the relation between the properties of the DM
haloes and the morphologies of the hosted galaxies. For this pur-
pose we analysed two different simulations, one from the Fenix
Project and from the largest volume run of the eagle Project
(L100N1504). We investigate the effects on the halo shapes and
velocity distributions as a function of radius in relation to the
stellar mass and the stellar mass fraction and galaxy morphol-
ogy. Our main findings can be summarized as follow:
1. We find that the impact of baryons on the DM halo struc-
ture maximizes when measured within ∼ 0.20R200. While
more compact galaxies are located in more concentrated DM
haloes, the effects of galaxy assembly are clearer when mea-
sured within ∼ 0.20R200.
2. As expected, baryonic physics affect halo shape mainly in the
inner regions. Haloes hosting baryons become less triaxials,
in agreement with previous studies (see Fig. 3 and Fig. 5).
3. More massive haloes tend to be more triaxials. When con-
sidering the dependence on Mstar/M200, the triaxiality gets
lower for larger stellar mass as expected.
4. There is a trend for haloes hosting galaxies with higher
stellar-mass disc fractions to become more rounder in com-
parison to their DMo counterparts (see e.g., Fig. A1 and A2).
However, as shown in Fig. 8, there is also a weak correlation
already present in the DMo haloes. These trends suggest that
galaxies with more important disc structures could tend to
Article number, page 8 of 12
P. Cataldi et al.: Baryons Shaping Dark Matter Haloes
0.65 0.70 0.75 0.80 0.85 0.90 0.95
c/bHydro(0.20R200)
0.75
0.80
0.85
0.90
0.95
b/
aH
yd
ro
(0
.2
0R
20
0)
oblate spherical
triaxial prolate
D/T < 0.30
0.3 D/T < 0.50
0.50 D/T < 0.70
D/T 0.70
D/TFenix 0.50
D/TFenix > 0.50
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
c/bDMo(0.20R200)
0.75
0.80
0.85
0.90
0.95
b/
aD
M
o (
0.
20
R
20
0)
oblate spherical
triaxial prolate
D/T < 0.30
0.3 D/T < 0.50
0.5 D/T < 0.70
D/T > 0.70
D/TFenix 0.50
D/TFenix > 0.50
Fig. 8. The distribution of eagle and Fenix for the Hydro selected haloes (left panel) and their DMo counterparts (right panel) as a function of their
inner halo semi-axis ratios measured at 20 percent of the virial radius. The relations are given for galaxies with different morphologies quantified
by the D/T ratios. On the left panel, solid (dashed) lines indicate the median of the distribution for the adopted D/T intervals for eagle (Fenix)
galaxies. Right panel shows the same for the DMo counterparts. The shaded areas denote the 25th and 75th quarterlies.
0.85
0.90
0.95
q(
0.
20
R
20
0)
Eagle
Fenix
0.70
0.75
0.80
0.85
0.90
s(
0.
20
R
20
0)
0.2 0.4 0.6 0.8
D/T
0.3
0.4
0.5
0.6
0.7
T(
0.
20
R
20
0)
0.9
1.0
1.1
1.2
1.3
qH
yd
ro
/q
D
M
o (
0.
20
R
20
0)
0.9
1.0
1.1
1.2
1.3
sH
yd
ro
/s
D
M
o (
0.
20
R
20
0)
0.2 0.4 0.6 0.8
D/T
0.6
0.8
1.0
1.2
1.4
TH
yd
ro
/T
D
M
o (
0.
20
R
20
0)
Fig. 9. DM halo shape parameters q, s, T measured at the 20 percent
of the virial radius in the Hydro runs as a function of D/T (left col-
umn). Right panel shows the shape parameters of the Hydro, normalized
by those from their DMo counterpart. Solid and dashed lines indicate
the median of the distribution for eagle and Fenix haloes, respectively.
Hydro and DMo simulation are shown in blue and black, respectively,
while the shaded areas enclose the 25th and 75th quarterlies. We find
that haloes tends to be more rounder and less triaxials for larger D/T.
The correlation become weaker when normalized by the DMo counter-
parts.
Fig. 10. β as a function of r/R200. Dotted lines indicate the median of
the distribution in the case of the Fenix haloes (left panel) and solid lines
in the case of the eagle haloes (right panel). The β is divided with disc
fraction bins D/T < 0.30, 0.30 ≤ D/T < 0.50 and 0.50 ≤ D/T < 0.70.
0.70 ≤ D/T < 0.90 and 0.90 ≤ D/T.
preferentially form in more rounder haloes, suggesting that
galaxy morphology is interlinked with the nature of the dark
matter haloes.
5. The analysis of the velocity structure of haloes using the
anisotropy parameter shows a trend in the sense that higher
values of the stellar-mass disc fraction are associated with
greater deviations from isotropy in the velocity distribution.
This trend seems also to be intrinsic in the sense that it is also
detected when using the velocity anisotropies of the DMo
counterparts albeit weaker.
Our results shows that DM halo shapes, measured within
∼ 0.20R200, are correlated with galaxy morphology. This
correlations is also present when using the shapes of the
DMo haloes albeit weaker. Hence, there is an indication
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Fig. 11. (β − β¯)/β¯ as a function of r/R200 for Fenix Hydro and DMo
haloes (panels a,b) and eagle Hydro and DMo haloes (panels c,d). Er-
rors were computed using a bootstrap method and each shaded areas
denote the number of computed bootstrap sample. Haloes with higher
D/T present a deviation from the isotropic distribution in the inner re-
gions. DMo haloes have the same trend.
that more important disc preferentially form in more rounder
haloes. This intrinsic trend is reinforced by the growth of the
disc galaxies, which strengths its cosmological origin.
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6. Appendix
Here we extend the analysis presented in Section 4, by show-
ing the distribution of the inner axial ratios for eagle and Fenix
haloes at 0.05R200 (Fig. A1) and 0.10R200 (Fig. A2).
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Fig. A1. The distribution of eagle and Fenix haloes as a function of their inner halo axial ratios measured at 5 percent of the virial radius. Individual
haloes are coloured by the D/T fraction. Solid lines indicate the median of the distribution for bines of D/T and in dotted lines the their counterpart
in the DMo simulation. The shaded areas denote the 25th and 75th central quarterlies.
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Fig. A2. Same as Fig. A1 at 10 percent of the virial radius.
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